Recently, a property of diamond as a semiconductor is focused on by many researchers. For the mass production, it is important to develop the manufacturing process. As it is thought that the ionic milling process has limitations, the application of gasification reactions with oxidizing gases such as CO 2 , H 2 O and O 2 is the best option.
Introduction
In addition to hardness, diamond has various superior properties such as a high thermal conductivity, high elasticity, low expansion coefficient, chemical stability, optically transparent nature, and so on. Research and development on diamond are ongoing. Originally, the hardness property of diamond was investigated for the possible applications of cutting and abrasive tools.
Recently, research surrounding has focused on the application of diamond as a semiconductor material. [1] [2] [3] [4] The possible application of using diamond in high value electronic devices is anticipated. Fundamental and practical research on diamond applications is being actively performed in many institutions, as the high-quality and novel electronic properties of diamond, in comparison with the conventional semiconductor materials, have become apparent.
On the other hand, the existence of a graphite structure during diamond synthesis, and the formation of a graphite structure during the oxidation (or etching) of nano-crystal diamonds have been reported by many researchers. [5] [6] [7] [8] [9] [10] In addition, XANES (X-ray absorption near-edge structure) investigation on the surface of diamond with oxidizing gases (O 2 and H 2 O) has provided important information on its gasification behavior. 11) Furthermore, the utilization of catalysts has been effective on the etching for a limited part of the diamond surface. 12) Although most research has been carried out using synthesized and nano-crystalline diamond forms, research using natural diamond is rare, and in situ observation of diamond gasification has rarely been done.
For the mass production of the diamond semiconductor, it is important to develop the manufacturing process. As it is thought that the ionic milling process has limitations, the application of gasification reactions with oxidizing gases such as CO 2 , H 2 O and O 2 is the best option.
In this study, reaction behaviors of diamond at temperatures of more than 1273 K were investigated under a wide range of oxygen potentials, and the crystallographic relationship from diamond to graphite was clarified. Figure 1 shows the schematic illustration of the laser microscope, equipped with an IR furnace, used in the present experiment. The diamond sample was set in a Pt crucible with 1 mm depth and 5 mm. The thermocouple (B type) was combined with the supporting rod of the crucible, and the gas flow rate (Ar or Ar+30 vol%CO 2 ) was 500 Ncc/min. The reaction gas flowed into the sample in the crucible with 42 cm/s of linear velocity through the hole (5 mm) of quartz window. Three kinds of gases were used for the present experiment: Ar with 100 ppm oxygen potential, deoxidized Ar with 20 ppm oxygen potential and Ar+30 vol%CO 2 . In all, four kinds of experiments were carried out, the experimental conditions for which are shown in The diamond samples (about 0.5 mm) are a natural diamond (Fig. 2) which is a kind of waste cut from bigger one. The surface of sample was cleaned in an acetone under ultrasonic irradiation before experiment. Then, the acetone on the surface was evaporated at 373 K on a heater. The crystallographic characteristic of the diamond sample is shown in the following section.
Experimental

Monitor
Results and Discussions
Reaction behavior under low oxygen potential
At the beginning of the experiment, the orientation of the diamond surface was examined by EBSP (Electron Backscatter Diffraction Pattern). Figure 2(a) shows the optical microscope image of natural diamond (2.0 mg). Figures 2(b) and (c) show the IPF (Inverse pole figure) and its orientation mapping, respectively. The latter shows that the diamond surface consists of a (111) plane. These {111} planes are stable in diamond, and therefore compose most of the diamond surface. As a result, the morphology of the diamond particle and the defect on the surface are constructed on the basis of equilateral triangles. Figure 3 shows the result of the stepwise heating experiment (Exp-1) observed by a laser microscope. Before the experiment, the diamond sample was transparent. The image of the laser microscope is different from that of an optical microscope (Fig. 4) ; the surface morphology can be precisely observed with the laser microscope. On the other hand, as the relatively deep steps (>30 mm) on the surface cannot be seen, the total image of the sample surface is different from that seen with the optical microscope. The moiré image of the diamond surface seen by the laser microscope is especially interesting. Due to the roughness of the crucible, the moiré image can be seen on the area where the rear surface of the diamond touches the bottom of the crucible.
At 1273 K (Fig. 3) , the reaction began in a specific region of the surface, in almost the same area as the moiré image. However, this reacted region was created by the slightly nonuniform gas flow around the sample surface. At 1373 K and 1473 K, the appearance of the diamond surface did not change significantly, but the color of the unreacted region gradually became darker. At 1573 K, the reaction proceeded throughout the whole sample surface, especially in selected parts related to the defect on the surface. At 1673 K and 1773 K, the reaction proceeded as expected with the selected positions changing to a deep dark color.
The images obtained with the laser microscope ((a) before exp. (b) at 1773 K) were compared with the ones obtained with the optical microscope ((c) before exp. (d) after exp.) as shown in Fig. 4 . The reacted position on the surface of the diamond can be clearly seen by the image obtained with the laser microscope in the ''after'' experiment. By means of a relatively deep focusing distance, the image of the optical microscope shows a complete shape of equilateral triangles from {111} planes (Fig. 4(c) ), while the image obtained using the laser microscope shows the subtle differences in the steps on the surface (Fig. 4(a) ). After the experiment at 1773 K, the diamond became black, and there was electron conductivity on the surface (Fig. 4(d) ).
On the basis of these results, the second experiment (Exp-2) was carried out under low oxygen potential in the surface could be seen by the optical microscope (Figs. 5(d), (e) and (f)). On the other hand, several traces of the reaction could be found around the defects on the surface by using a laser microscope. The small defect, which is indicated by an arrow, appeared at 1273 K ( Fig. 5(b) ) and became smaller at 1373 K ( Fig. 5(c) ). There were many kinds of defects (triangles consisting of {111}, and irregularly shaped holes (pits) and lines), which had different reactivities depending on the oxygen potential and temperature. The images of moiré were different among three laser microscopes (Figs. 5(a), (b) and (c)), which was caused by the slightly different position of the Pt crucible. Figure 6 shows the results of Exp-2 at 1473 K. The surface of the diamond became completely dark after the experiment (Fig. 6(d) ). The moiré image from the laser microscope could not be seen anymore because of the loss of transparency. The defects of the triangle were relatively stable, and the reaction occurred mainly at the other kind of defect.
SEM observation was carried out for the sample surface of Exp-2, reacted at 1473 K (Fig. 7) . It was found that the reaction did not occur uniformly in microscopic level, and that small irregular pits (0.1-1 mm) could be seen on the surface. Figure 8 shows the results of AFM (atom force microscope), from which the surface roughness can be estimated quantitatively. Figures 8(a), (b) and (c) show the surface morphology of the ''before'' experiment, using different magnitudes (specifically 200 mm Â 200 mm, 10 mm Â 10 mm and 2 mm Â 2 mm). In the lowest magnitude, the surface defects consisted of equilateral triangles, and the lowest depth reached was 80 mm. In the largest magnitude (2 mm Â 2 mm), the defects mainly consisted of small round pits from 0.05 mm to 0.1 mm. In the ''after'' experiment, although the change in the surface was not significant at lower magnitudes (200 mm Â 200 mm and 10 mm Â 10 mm), the small round pits became larger than those seen in the ''before'' experiment at the largest magnitude (2 mm Â 2 mm). From these results, it was found that the defects of the round pit would be the higher active site than that of the triangles consisting of {111}. Figure 9 shows the results of Raman spectroscopic measurements. The diamond shows the Raman shift peak at 1320 cm À1 . In the ''after'' reaction, two peaks appeared on the surface of the diamond: one at 1350 cm À1 and the other at 1570 cm À1 . These peaks are characteristic to amorphous carbon (disordered carbon) and graphite. Generally, these peaks are called as the D band and G band, corresponding to the disordered carbon and the graphite structures, respectively. However, in the present study the character of 'A' (referring to the amorphous form) was used for expressing the peak at 1350 cm À1 instead of 'D', as the 'D' band overlaps with the diamond band.
From the results of Raman spectroscopic measurements, it was found that the graphite and amorphous structures of carbon were formed during the gasification reaction of diamond.
Gasification with 30 vol%CO 2
The gasification reaction with 30 vol%CO 2 was examined to clarify the difference of gasification behavior from the Ar with low oxygen potential as shown above. The experimental conditions of 'Exp-3' and 'Exp-4' are also shown in Figure 10 shows the observation results provided by the laser microscope, which were carried out at 1273 K (Exp-3). The surface of the diamond changed significantly after experiment at 1273 K in comparison with the result of the experiment at low oxygen potential. However, the weight change was very small -about 2 mg-and the reaction degree was 0.1%. On the other hand, the weight change could not be detected in Exp-1 and Exp-2. In Exp-3, the number of small pits increased after the experiment throughout the whole sample surface. When three defects marked (1), (2) and (3) with arrows in Figs. 10(a) and (c) were focused upon, they showed completely different behaviors. Defects (1) and (2) became especially large and turned white after the experiment (Fig. 10(b) ). When these positions were examined by Raman spectroscopic measurements, only the peak corresponding to diamond was detected, while the other position showed the A band and G band, corresponding to the amorphous and graphite structures. On the other hand, it was found that the defect of the triangle as shown by (3) did not largely react. Figure 11 shows the results of Raman spectroscopic measurements of the sample before and after the experiment (Exp-3) in comparison with the graphite and coke sample (metallurgical one 13, 14) ). After the experiment, the diamond showed two broad peaks in its spectrum, which quite resembles that of coke. The Raman spectrum of coke was precisely studied by Kawakami, et al. 13, 14) Coke has many kinds of carbon structures, ranging from amorphous to graphite structures. It is interesting to note that, in the course of gasification with CO 2 , the diamond surface showed almost the same structure as coke in the view point of Raman measurement.
Gasification of diamond with 30 vol%CO 2 was performed at 1473 K. Figure 12 shows the comparison of the surface observation using a laser microscope before and after gasification with CO 2 . Before gasification, the moiré image could be observed and some defects (holes) existed. After gasification, there were many cracks propagating from a reacted hole. As the gasification degree increased (5.5%), the erosion of the diamond surface largely proceeded. In Fig. 13 , the positions of the hole with cracks (Figs. 13(a), (b) and (c) ) and the surface without cracks (Fig. 13(d) ) were magnified. Although the width of the cracks in Fig. 12 seemed to be from 2 mm to 4 mm by laser microscope, the actual width was from 1 mm to 2 mm (Fig. 13) . This difference was caused by a surface bending around the crack, so that the laser microscope emphasized the width of the crack. It was found from Fig. 13(d) that the entire surface was covered by small cracks around 0.1 mm. Figure 14 shows that the diamond peak disappeared after the experiment, in comparison to the spectrum shown in Fig. 13 . However, after the experiment, the G band and A band were almost identical, as shown in Fig. 13. In Fig. 15 , Raman spectra among Exp-2, Exp-3 and Exp-4 were compared. It was thought that the graphite layer would be very large. And, in fact, the laser spectroscopic measurement could not reach the diamond surface. Thus, the structure of the formed graphite layer would be the same regardless of the oxygen potential.
From these results, the crystallographic relationship between the diamond and graphite formed during the gasification reaction was considered and is presented in Figs. 16, 17 and 18 .
The diamond surface consists of {111} planes as mentioned above. Two kinds of (111) planes can be considered. One is the plane constructed by the basal plane of the carbon tetrahedron (Fig. 16(c)) ; the other is the plane including the center carbon of the tetrahedron. In the present study, the former (111) plane was defined as the A plane ((111) A ) and the latter (111) was the B plane ((111) B ), as shown in Fig. 16(a) . These A and B sets are very close, with a distance of 5.16 nm. The distance to the neighbor A-B set is 20.56 nm. When the gasification reaction proceeds, the bonding energy between two sets of A-B planes decreases, causing the lower A and B planes to exist in a single plane (Fig. 17) . In this case, a top view of the overlapped A and B planes is shown in Fig. 16(b) , which is very close to the hexagonal net plane of graphite (002) G . The size difference of the C-C bond in the hexagonal plane between the diamond and the graphite is shown in Fig. 18 . Only by 2.0% shrinking can the graphite hexagonal net plane be constructed from diamond {111}. From these results, the crystallographic orientation is considered as follows: However, this expansion might be difficult to attain completely because the diamond bonding within the carbon tetrahedron would be quite strong. Normally, the graphite reactivity increases with the decrease of graphitization degree. Generally, the amorphous carbon has a high reactivity. 15) From this point of view, the amorphous and graphite structures formed on the diamond surface should have a higher reactivity than diamond, as long as they are identical to the amorphous and the graphite structures. If this is a correct assumption, the graphite and amorphous layers should be consumed faster than diamond during the gasification reaction. However, the experimental result was different, which indicates that the graphite and amorphous structures on the diamond are different from the ordinary graphite and amorphous structures, which could not be detected by Raman spectroscopy.
Conclusion
In this study, reaction behaviors of diamond at temperatures of more than 1273 K were studied under both Ar gas with an oxygen potential of less than 100 ppm and a CO 2 -Ar mixture (30 vol%-CO 2 ). The crystallographic relationship from diamond to graphite was clarified. (1) A graphite layer was formed during gasification under both Ar gas with an oxygen potential of less than 100 ppm, and a CO 2 -Ar mixture (30 vol%CO 2 ). (2) There were two kinds of defects on the diamond surface: an equilateral triangle consisting of {111} diamond, and a round hole (pit). The gasification mainly occurred on the pit, which enlarged and deepened. (3) A large crack of about 1 mm propagated from the enlarged pit, and a small crack of about 0.1 mm existed throughout the surface. (4) The crystallographic relationship between the diamond and the graphite formed was elucidated. This was found to be:
